Abstract. -The analysis of a macroscopical description, in terms of anisotropy constants, of some magnetic transitions in uniaxial systems is presented. The magnetic processes considered are the saturation along a hard direction and the first order magnetization process (FOMP). Evidence is given that a phenomenological description can offer some advantages in the physical interpretation of the mechanisms at the origin of the processes. The occurrence of FOMP is found to be consistent with the small angle canting model.
Introduction
of a microscopic theory. Furthermore a macroscopic
Hard magnetic materials have being receiving increasing attention in the last few years due to their technological and thus economical importance. Magnetic recording materials and permanent magnet applications, which are the main uses of anisotropic ferromagnetic materials, are in great expansion. It is well known that technological potentialities greatly stimulate fundamental research and this has been particularly true for Nd-Fe-B type compounds [I] , whose impact has made the current momentum in magnetic research particularly intense and promising.
Among the many anisotropic magnetic compounds and alloys studied up to now, two classes of materials, namely hexaferrites and rare-earth intermetallic compounds, emerge for their peculiar magnetic properties. In spite of the differences in their crystal structure, chemical composition and magnetic interactions [2, 31, some relevant features such as spin reorientation transitions (SRT), first order field induced transitions and the presence of canted spin structures, are common to these two classes of hard magnetic materials [415] which are characterized by complex unit cells where different sites are available for different magnetic ions.
This implies the presence of multiple contributions both to the exchange and to the anisotropy. The interplay between exchange and anisotropy, as well as the competition between different contributions to the magnetocrystalline anisotropy seems to be responsible for the complex phenomenology observed in these multisublattice systems, even if a general description has not yet been found. It is also remarkable that in all cases the main contribution to the magnetic anisotropy has a single ion origin.
A phenomenological description can be given for the observed magnetization processes that in many cases, even neglecting the microscopic origin of the phenomena, allow for a simple and direct qualitative interpretation of the physical processes. Such a description could be considered propaedeutic to the formulation analysis, in terms of the anisotropy constants, alsoklows for a direct consistent use of the measured critical parameters such as anisotropy field, critical field and magnetization of a FOMP [4] and cone angle values. Additionally, the reliable measurement of critical parameters remains an important issue. The unique singular point detection technique (SPD) [16] , has been proved to be an effective and reliable method to mesure both Ha and H,, directly in polycrystalline samples [17-201. Here an analysis of the macroscopical descriptions of some magnetic transitions in uniaxial systems is presented in an attempt to underline the usefulness of such treatments. The usefulness is mainly connected with the allowance of a straightforward qualitative analysis and the consequent possibility of a consistent comparison of different systems.
Anisotropy field in the hard direction and its influence on coercivity
The anisotropy field Ha can be technically defined as the field value needed to saturate a sample along a hard direction. Thus the approach to saturation along a hard direction, parallel to a crystallographic symmetry axis, can be considered as a second or&r magnetic transition, having its critical point at H = Ha. A macroscopic description of this magnetization process can be given using a phenomenological expression of the anisotropy energy, in terms of the anisotropy constants. The usual expression for uniaxial systems is:
where 6 is the angle between the magnetization vec- order to quantify the effects of the different anisotropy constants on Hc. The second (Kl) and fourth order (Kz) anisotropy constants will be considered. In presence of domain walls (DW), regardless of the coercivity mechanism, both DW energy (w) and thickness (6) , which are relevant quantities for the determina- these expressions indicate that, for a fixed value of Ha, the presence of a positive K2 anisotropy constant gives rise to a decrease of the DW energy (see Fig. 1 ) and to an increase of the thickness, whilst the opposite is true for negative K2. In other words an increase of Ha, due to K2 has not the same effect on w and 6 and thus on Hc, as was due to K1. Also in the case of single domain particles, when a coherent magnetization reversal mechanism determines the coercivity, a dependence of Hc on the anisotropy composition is found. Using the data of reference [22] , the dependence of Hc / Ha on the ratio K2 / Kl has been calculated (Fig. I) , with a resulting decrease in Hc / Ha with increasing K2 / Kl for positive K2 and an increase for negative K2. It can be concluded that, regardless the coercivity mechanism, Hc depends on the anisotropy composition. This can influence the relative temperature behaviour of Hc and Ha. It can also be observed that F (r), that is the DW energy variation, shows the same dependence on K2/K1 as Hc/Ha for single domain particle specimen.
The curve in figure 1 shows that values of Hc>Ha are allowed. It should be underlined that this refer to a metastable situation of the system, around K2 = -K1/2, where Ha = 0 whilst Ek between the two extrema is different from zero, justifying a coercivity. Thus Hc/Ha tends to diverge.
Small angle canting model
An important aspect of the anisotropy in multisublattice systems is that concerning the interplay between intersublattice exchange, sublattice anisotropies, sublattice moments and external field. The classical phenomenological treatment, which assumes rigid collinear magnetic order, is inadequate to describe systems having high anisotropies: under the action of torques due to competing anisotropies and/or torques due to an external field, in case of different non competing anisotropies, a canting angle between the sublattice moments can be induced. In the framework of a phenomenological description, in terms of anisotropy constants, it has been shown that for a two sublattice system, the occurrence of such a canting angle (small angle), affects the macroscopic anisotropy by a significant amount. However the resultant anisotropy of the system can be still described using effective anisotropy constants, which differ from the simple addition of individual contributions [23-271. The small angle canting model has been shown to have a general validity [25, [24], the true quantity K = Kl + 2K2 (which is the initial susceptibility or stiffness for an easy-plane system; K = KI for easy-axis) of the "a" sublattice can be obtained from the knowledge of both the effective and "b" sublattice K value.
A second consideration is that the formation of a caating angle, as a consequence of a relaxation which enable the system to gain energy at the expense of the exchange, results in a hardening of the anisotropy of the system, in the sense that the energy (or field), required to saturate the sample is increased. This is a direct consequence of the fact that the canting has no effects on Ek at 0 = 0 and 0 = 90, as deduced from equation (4), whilst a relaxation reduces the energy of the absolute minimum. On the contrary the stiffness is reduced (softening) as a consequence of canting [23, 241.
First order field induced transitions
Discontinuous jumps in the magnetization curve along a hard direction, at a critical field value Hcp, have been observed in many systems [5, 6, [11] [12] [13] [14] [15] 301 . They have been phenomenologically interpreted as first order magnetization processes (FOMP), that is, irreversible rotations of the magnetization vector between two inequivalent states. In this description the conditions for a FOMP are given by the magnetic field, which modifies the free energy surface for a tetragonal system), making a second inequivalent state having the same energy as the absolute minimum (E (01) = E (02)) . Besides H,,, a FOMP is characterized by the magnetization values of the initial Ml and final M2 states. It is easy to show that phenomenological high order anisotropy constants are necessary in order to describe a FOMP [4] . In particular at least 4th (K2) and 6th (K3) order anisotropy constants are However for Nd K2 < 0 and K 3 < 0 are found whilst the signs are inverted for Pr. This makes the two systems very different, at least in their description. Such different macroscopic behaviour could be related with the results of a recent experiment [32] which gives an indication that the two different crystallographic sites of the rare-earth in the tetragonal2:14:1 structure give the same contribution in Pr2FelrB whilst the contribution of the 4f site is much larger than that of the 4g site in Nd2FelrB.
Non-axial anisotropy terms have recently had to be considered in E (0,cp) , in order to justify FOMPs observed when the magnetic field is applied in directions which imply a non co-planarity of M,, c-axis and applied field during the magnetization process, as in Y trigonal ferrites [15] and in Nd2Fe14B A combination of a macroscopical technique (SPD) and a phenomenological description allows not only for the measurement of critical parameters but also for the study of FOMP in polycrystals. This can be obtained analyszing the d 2~ / d~~ which, according to the SPD theory, has a peak in correspondence of the anisotropy or critical field of a FOMP. The peak shape does not depend on any sample texture because it is due to the crystallites at right angles with.respect to field [16] . Such an analysis has been performed on Pr2 ( F~C O )~~ B (see Fig. 2 ), SmFellTi and ErFeloV2. In ErFeloV2 compound, which displays a type I FOMP below 150 K, it has been found evidence for a planar contribution of Er to the anisotropy, which is opposite to that expected on the basis of the sign of the second order Stevens coefficent (aJ> 0). This indicate that even at room temperature the sign of the anisotropy cannot be attributable only to aJ [33] . On the other hand the type I1 FOMP observed in SmFenTi [34] is macroscopically (Kz negative and K3 positive) very similar to that observed in Pr2FelrB.
A comparative analysis of the systems studied by the author, which show a FOMP when the field is applied in the basal plane, put in evidence that a type I process is observed in intermetallic compounds such as NdzFe14 B, Nd2 (FeCo),, B, PrCos, ErFeloV2 as well as hexaferrites Ba (CoZn), Fe16027 [14] . In all these systems a positive K 2 and a negative K3 have found to be necessary in order to describe the process whilst a type I1 FOMP is found in PrzFelsB, Prz (FeCo),, B, SmFellTi where, on the contrary, a negative K2 and a positive K3 are required. Two facts deserve some attention: 1) in all cases K3 has opposite sign with respect to the relative K2 (this is not required by general conditions [4] );
2) K 3 is negative in the cases where a competition between different anisotropy contributions exists (type I FOMP). The presence of such a competition is witnessed by the presence of a SRT observed at low temperature in all the systems showing a type I FOMP which is however observed always before that SRT takes place. These two points support or alternatively can be explained in the framework of the small angle canting model which, in case of a two sublattice system predicts the occurrence of a positive K3 if the two sublattices have the same kind of anisotropy whilst K3 can be negative for competing contributions. Furthermore the correcting term has opposite sign in K2 and K3 (Eqs. (6), Ref.
[23]).
Different types of processes, associated with a transition from a collinear to a non-collinear spin arrange- On the occurrence of FOMP in uniaxial systems the following conclusions can be drawn: 1) FOMP are commonly observed in multisublattice systems where multiple contributions to both anisotropy and exchange exist;
2) with the use of a suitable technique (SPD) both the measurement of critical parameters and the analysis of the FOMP can be performed with high accuracy also in polycrystals. The consistency of the analysis is enhanced by general considerations on the type of FOMP;
3) high order anisotropy constants are required in order to describe FOMP. In case of non coplanar magnetization processes non axial anisotmpy terms have to be considered; 4) with reference to systems which are easy-axis at room temperature, type I FOMP (Mz = M.) has been up to now observed in systems where competititions between anisotropy contributions are present. In particular compounds where a easy-axis to easy-cone transition takes place at low temperatures. Regardless of the type of compound, the description of such a process has always required a negative 6th order and a positive 4th order anisotropy constants; 5) type I1 FOMP has been observed in compounds where different contributions to the anisotropy seem to have the same sign. In these cases a positive K3 and a negative Kz are required to describe the observed process; 6) there is consistence between the occurrence of FOMP (type, necessity of high order constants, sign of constants) and the small angle canting (SAC) model. It should be underlined that the SAC model has furnished interesting indications and should deserve some more attention in the future.
